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sion because the nature and type of renal injury observed closely mimic the human disease. Furthermore, because CKD is strongly influenced by genetic factors (1, 6, 7, 29) a number of inbred rat strains have been used to examine the role of genetics of CKD (2, 17, 20, (25) (26) (27) 30) . In particular, the Dahl salt-sensitive (S) rat (4, 5) is a widely studied model of salt-sensitive hypertension but is also considered a useful model of hypertension-related CKD since it develops proteinuria, glomerulosclerosis, interstitial fibrosis, and progressive loss of renal function (11, 31) .
Previously, a genetic analysis for proteinuria was performed using a population derived from the S and spontaneously hypertensive rat (SHR) (8, 10) . In contrast to the S, the SHR does not develop significant levels of proteinuria or glomerular damage. Therefore, the genetic cross allowed identification of genetic loci that influenced proteinuria on genetic backgrounds (S or SHR) permissive for hypertension, but differing in susceptibility to renal injury. Linkage analysis identified quantitative trait loci (QTL) or regions linked to proteinuria, albuminuria, and renal injury on rat chromosomes 1, 2, 6, 8, 9, 10, 11, 13, and 19 (8) . The S genotype was associated elevated proteinuria and renal injury for almost all proteinuria QTL. However, a single locus (located on chromosome 11) was associated with decreased proteinuria and renal injury in the S rat. That is, the S allele was "protective," while the SHR allele conferred "susceptibility," despite overall the SHR strain being highly resistant to develop renal injury.
The aim of the present study was to confirm the linkage analysis by generating a congenic strain by replacement of the protective locus on S rat chromosome 11 with the SHR genomic segment conferring susceptibility to renal injury. The new S.SHR(11) congenic model was extensively characterized for BP, proteinuria, histological kidney injury, and renal function. The S.SHR(11) strain demonstrated earlier onset and more severe kidney injury compared with the S rat and may provide an improved model to study progression to renal failure as well as a means to begin substitution mapping and gene identification of the underlying causative genetic variants.
MATERIAL AND METHODS

Animals and Study Design
All experiments were approved by the Institutional Animal Care and Use Committee. The S and the SHR inbred strains were maintained in institutional animal facility. The S.SHR(11) congenic strain was developed as previously described using the speed congenic approach (10) . The breeding scheme ensured that the mitochondrial genome for S.SHR(11) was derived from the S. The S.SHR (11) congenic was previously studied at a single time point and only for proteinuria (10) . Detailed information on the location of the QTL and the extent of SHR donor genome transferred to the S genetic background is presented in Fig. 1 . Animals used for this studied were provided either low-salt diet [TD7034, 0.3% NaCl (0.1% Na, 0.2% Cl)] and/or high-salt diet (TD94217, 2.0% NaCl) from Harlan Teklad (Madison, WI).
Protocol 1: time course measurement of proteinuria and cardiovascular parameters. At 4 wk of age, groups of age-matched male S and SHR(11) rats (n ϭ 28 per group) were weaned to the low-salt diet. At 6 wk of age, a subset of each group (n ϭ 14 per group) were placed on the high-salt diet. Animals were studied for renal and cardiovascular traits at 6, 9, and 12 wk of age. Rats were kept in metabolic cages (Lab Products, Seaford, DE) for 24 h with free access to water at week 6, 9, and 12. Total urine protein was determined as previously described (9, 10) . No significant correlation was observed between proteinuria and body weight. Thus, it was not necessary to normalize total urine protein for differences in body weight and it is reported as mg/24 h. At week 12, animals were placed under anesthesia for measurement of mean arterial pressure (MAP) (described under protocol 2). The animals were subsequently euthanized. Organ weights were measured. Kidney samples and other tissue were processed for histological examination. Serum samples were obtained from cardiac puncture to measure blood parameters. Measurement of serum creatinine (SCr) and blood urea nitrogen (BUN) was performed using an Alfa Wassermann ACE automated chemistry analyzer.
BP was also collected using a telemetry system (Data Sciences International, St. Paul, MN) in a separate group of animals (n ϭ 8, per group). At 7 wk of age, animals were anesthetized using 2-3% isoflurane gas and a transmitter was surgically implanted in each animal as previously described (9) . Readings for each BP parameter was collected for a 24 h period (5 min time intervals for 10 s) at 9 and 12 wk of age.
Protocol 2: BP and renal hemodynamic parameters. At 4 wk of age, groups of age-matched male S (n ϭ 5) and S.SHR(11) (n ϭ 6) rats were weaned to the low-salt diet. At 6 wk of age animals were placed on the high-salt diet (2.0% NaCl; TD7034, Harlan Teklad). At week 12, MAP, renal blood flow (RBF), and glomerular filtration rate (GFR) were measured in each group. Rats were anesthetized with ketamine (30 mg/kg im) and Inactin (50 mg/kg ip) and placed on a heating table to maintain body temperature at 37°C. Cannulas were placed into the femoral artery for measurement of MAP and in the femoral vein for infusion of 2% BSA in a 0.9% NaCl solution at 100 l/min iv. A catheter was inserted into the left ureter for the collection of urine and FITC-labeled inulin (2 mg/ml; Sigma, St. Louis, MO) for the measurement of GFR. RBF was measured using an ultrasound flow probe (Transonic System, Ithaca, NY) on the renal artery. After a 30 min equilibration period, urine and plasma samples were collected for 30 min. At the end of each experiment, the left kidney was removed and weighed and the concentration of inulin in urine and plasma samples was determined using a plate reader fluorometer (16) .
Protocol 3: survival study and assessment at advanced age. For low-salt survival study (0.3% NaCl), male S, SHR, and S.SHR(11) rats (n ϭ 12 per group) were maintained on the low-salt diet from weaning. For the high-salt study (2% NaCl), male S, S.SHR (11) , and SHR rats (n ϭ 12 per group) were raised on low-salt diet until 6 wk Fig. 2 . Assessment of proteinuria in S and S.SHR(11) rats raised on either a low (0.3% NaCl) or high-salt (2% NaCl) diet. The dashed line represents the generally accepted threshold of when urine protein excretion is outside the normal range (Ͼ20 mg/24 h) (10) . Week 6, n ϭ 28 animals per group; week 9 and 12, n ϭ 14 per group. *Significantly different between S and S.SHR (11) at P Ͻ 0.05. of age and placed on high-salt diet (n ϭ 12, per group) for duration of the study. Animals were examined twice daily and were euthanized if they displayed signs of distress (e.g., shaking, lethargy, persistent recumbency, or tachypnea). An additional group of animals (n ϭ 20 per group) were raised to evaluate cardiovascular and renal parameters at the point that approximated median survival (50% mortality). At ϳ40 wk of age, animals that were still alive [S, n ϭ 12 and S.SHR(11), n ϭ 11] were evaluated for BP, proteinuria, renal function, and degree of renal injury. Urine was collected for 24 h for determination of proteinuria. Rats were subsequently anesthetized with isoflurane for placement of catheter into the femoral artery. The catheter was tunneled subcutaneously under the skin and emerged at the base of the neck. After 24 h, MAP was measured in conscious freely moving rats for 10 -15 min. The animals were then euthanized for collection of serum and tissue.
Protocol 4: renal ischemia-reperfusion injury. Groups of S and S.SHR(11) rats were exposed to renal ischemia-reperfusion (IR) injury at week 8. Briefly, rats were anesthetized with ketamine and were placed on a heated surgical table to maintain body temperature at 37°C. Bilateral renal ischemia was induced by clamping the renal pedicles for 30 min as previously described (24) . The clamps were removed, and the rats were allowed to recover for 24 h at which time the rats were euthanized under isoflurane to harvest tissue for histology and collection of blood for measurement of SCr.
Histological Assessment
Tissue was fixed in zinc formalin and embedded in paraffin, cut into 4 m sections, and stained with hematoxylin and eosin (H&E) and Masson's trichrome. Two central longitudinal sections from each kidney were examined under light microscopy. Glomerular injury was assessed using a semiquantitative scoring system in 20 randomly selected images (H&E at ϫ40) as previously described (21, 28) . Tubulointerstitial injury was determined by evaluation of slides stained with Masson's trichrome to quantify the percent fibrosis (blue staining) compared with background in 20 randomly selected images as previously described (21, 28) . For protocol 3, tubulointerstitial injury was determined by evaluation of slides stained with Masson's trichrome. Whole kidney sections were scanned at ϫ40 magnification using a Hamamatsu NanoZoomer HT (Hamamatsu Photonics KK, Hamamatsu City, Japan) digital scanner. The areas of medulla and cortex of the kidney sections were marked manually based on the absence or presence of glomeruli and type of tubules present. The percentage of connective tissue was obtained by dividing the area of Fig. 3 . Cardiovascular and renal parameters in S and S.SHR(11) rats at week 12. Rats were raised on low salt (0.3% NaCl) until 6 wk of age and either continued on low-salt diet or were placed on high salt (2% NaCl) for 6 wk. A: blood urea nitrogen (BUN) and creatinine clearance (CrCl). B: mean arterial pressure (MAP). The average value is denoted above each graph. Parameters were determined using n ϭ 14 per group, except for MAP, n ϭ 8 per group. C: renal hemodynamic parameters: renal blood flow (RBF), glomerular filtration rate (GFR), and renal vascular resistance (RVR) in S and S.SHR(11) rats at week 12 on high salt. D: telemetry-measured blood pressure. For renal hemodynamic parameters, n ϭ 6 (S) and n ϭ 5 [S.SHR(11)]; n ϭ 8 per group for telemetry. *P Ͻ 0.05 between groups. †P Ͻ 0.05 same strain different age/treatment. bright blue stained tissue by total area of tissue (red and purple colors) using Visiomorph and Microimager software (Visiopharm). Vessel media area was calculated by measuring the outer circumference of the vessel minus the inner circumference of the lumen (20 random images at ϫ40 per animal) (28) . Immunostaining was performed on unstained cut sections and processed for detection by DAB (Ultravision LPValue Detection System, Thermo Scientific) using 1°antibod-ies directed at ␣-smooth muscle actin (SMA) or CD-68/ED-1 (Santa Cruz Biotechnology). Slides processed for CD-68 were counterstained with methyl green. Images were captured using Nikon 55i microscope with DS-Fi1 5-Meg Color C digital camera (Nikon, Melville, NY) and analyzed using Nis-Elements image analysis software (version 3.03, Nikon Instruments).
Statistical Analysis
S and S.SHR(11) phenotypic data (proteinuria, BP, etc.) were evaluated by t-test (SPSS, Chicago, IL) and P Ͻ 0.05 was considered to be statistically significant or by one-analysis of variance followed by correction for multiple comparisons where noted. All data are presented as means Ϯ SE. Survival was evaluated by the KaplanMeier method (Prism 5; GraphPad, La Jolla, CA).
RESULTS
Proteinuria, Renal Function, and BP
The time course for proteinuria in each group of rats is presented in Fig. 2 . On a low-salt diet there was a significant increase in proteinuria observed in the S.SHR(11) compared with the S at week 6 (P Ͻ 0.001). Proteinuria did not differ between groups at weeks 9 or 12 when the rats were fed a low-salt diet. In contrast, proteinuria was significantly lower in the S.SHR(11) compared with the S at weeks 9 and 12 on a high-salt (2% NaCl) diet (P Ͻ 0.01) and did not significantly differ from low-salt animals at the same time points (week 9 and 12). However, measures of renal function were significantly different in the S.SHR(11) compared with the S including BUN and creatinine clearance (CrCl) (Fig. 3A) . The difference in renal function was accentuated by exposure to the high-salt diet. Reduced renal function (measured by CrCl) in the S.SHR(11) was confirmed by FITC-inulin measured GFR and RBF measurement on animals raised on high salt (Fig. 3C) . GFR was 220 Ϯ 16.1 l·min Ϫ1 ·g kidney weight Ϫ1 in the S.SHR(11) compared with 346 Ϯ 30.1 in the S rat. Renal vascular resistance was significantly elevated in the S.SHR(11) compared with the S.
Notably, despite the significant differences in renal function between the S and S.SHR (11) , no detectable difference in MAP was observed between strains at week 12 on either low-salt or high-salt diet (Fig. 3B) . This was consistent with BP measured by telemetry at week 9 and 12 (Fig. 3D) . No significant difference in heart weight (data not shown) was observed between the S and S.SHR(11) on either diet, further suggesting that BP load did not differ between the strains. S.SHR(11) animals raised on high salt did exhibit significantly larger kidney weight [13.9 mg/g body weight (BW)] compared with S (12.0 mg/g BW), but no difference was observed on low-salt diet (week 12).
Histological Assessment of Renal Injury
Kidneys from S and S.SHR(11) rats were examined and evaluated for glomerular, interstitial, and vascular damage at week 12 after exposure to either a low-salt or high-salt diet. Representative glomerular images from rats at week 12 are shown in Fig. 4 . The degree of glomerular injury was slightly higher in S.SHR(11) compared with S on a low-salt diet. Significant glomerular injury was observed on a high-salt diet, but this injury was similar between strains [S ϭ 1.1 Ϯ 0.14; S.SHR(11) ϭ 1.3 Ϯ 0.14] (Fig.  4) . Representative tubulointerstitial images from rats at week 12 are presented in Fig. 5A . The extent of interstitial fibrosis was significantly increased in the S.SHR(11) compared with the S under both low-salt and high-salt conditions. For high salt, the percent fibrosis was 12.9 Ϯ 1.22% compared with 17.1 Ϯ 1.29% in S and S.SHR(11), respectively (Fig. 5B ). This was confirmed by increased ␣-SMA expression and macrophage infiltration in the S.SHR(11) compared with the S (Fig. 5, C and D) . Renal arteriolar medial hypertrophy was significantly increased in (Fig. 6) . No difference in arteriolar media area was observed between strains in other organs, including the heart and brain (data not shown).
Survival and Assessment of Renal Injury at Advanced Age
Survival of S, S.SHR (11) , and SHR rats was assessed following exposure to either a low-salt or high-salt diet. Animals were raised on low salt until 6 wk of age and then maintained on a low-salt diet or switched to a high-salt diet for duration of experiment. On a low-salt diet, the median survival of S.SHR(11) rats (292 days) was less, but not significantly different from the median survival (320 days) for S rats (Fig.  7A) . On a high-salt diet, the median survival of S.SHR(11) rats was 108 days and did not significantly differ from the median survival of the S rats (117 days) (Fig. 7A) . No SHR rats died during the course of the experiment on either low or high salt. In a separate study, conscious BP was significantly different in S.SHR(11) compared with S (215 Ϯ 6.6 vs. 183 Ϯ 5.9, P Ͻ ) was calculated by measuring the outer circumference of the vessel minus the inner circumference of the lumen. *Significantly different between S and S. SHR (11) at P Ͻ 0.05. Fig. 7 . Survival, blood pressure, and assessment of renal injury in S and S.SHR(11) at advanced age. A: survival study for animals raised on low salt (0.3% NaCl) or high salt (2% NaCl). Animals were raised on low salt until 6 wk of age and then placed on 2% NaCl diet for duration of experiment. B: blood pressure and proteinuria at ϳ40 wk of age (ϳ50% mortality). See MATERIAL AND METHODS for details. This time point is denoted by "C" on survival curve in A. C: renal function measures. D: representative full-section kidney images of S and S.SHR(11) raised on low salt and morphometric analysis of fibrosis and vessel wall thickening. Percent kidney interstitial fibrosis in cortex and medulla measured on whole kidney sections (see MATERIAL AND METHODS for details). The percentage of fibrotic tissue was obtained by dividing the area of bright blue-stained tissue by total area. The S.SHR(11) exhibits greater tubular dilation and fibrosis compared with the S at the same age. For survival study, n ϭ 12 per group were evaluated. Proteinuria and renal parameters measured in n ϭ 12 (S) and n ϭ 11 [S.SHR (11)]. Blood pressure was measured in conscious freely moving rats for 10 -15 min prior to euthanasia. *Significantly different between S and S.SHR(11) at P Ͻ 0.05. 0.01) as was proteinuria for rats that lived through the median survival period (ϳ40 wk) (Fig. 7B) . Renal function, as measured by BUN and CrCl was significantly decreased in S.SHR(11) compared with the S (Fig. 7C) . Renal interstitial fibrosis in both the cortex and medulla was significantly greater in the S.SHR (11) . Most interesting was that medullary fibrosis was greater than that observed in the cortex of S.SHR(11) kidney, whereas fibrosis in the medulla was less than observed in the cortex of the S (Fig. 7D) . Renal vessel hypertrophy was significantly increased at this time point in the S.SHR(11) compared with the S, consistent with studies in younger animals (Fig. 6) .
Renal IR Injury in CKD
Given the increased susceptibility of the S.SHR(11) to both medullary and vascular injury, the effect of IR injury was evaluated between strains (Fig. 8) . The S rat exhibited a significant increase in SCr (1.3 Ϯ 0.24 mg/dl) compared with the SHR (0.7 Ϯ 0.13 mg/dl), but S.SHR(11) animals exhibited a twofold increase (2.3 Ϯ 0.4 mg/dl) over the S. These findings were supported by the substantial increase in tubular necrosis observed in the S.SHR(11) compared with the S and SHR (Fig.  8 ). Little to no tubular injury was observed in the SHR.
DISCUSSION
The S rat exhibits progressive kidney injury that is characterized by significant glomerulosclerosis, interstitial fibrosis, and progressive loss of renal function (9, 10) . The progression of kidney injury is similar to that exhibited by humans with CKD, especially those who also exhibit hypertension. This underscores the significance of the current work because a model that more rapidly develops kidney injury, in the context of hypertension, could be of great benefit to understanding both the pathophysiology and genetic causes of kidney disease.
The S.SHR(11) strain demonstrated an early increase in proteinuria (week 6), which was not evident at later time points (week 9 or 12) on low or high salt compared with the S. Taken alone, this suggests that there was no significant acceleration of kidney injury in the S.SHR(11) model. However, upon examination of renal function measurements (e.g., SCr, BUN, and GFR) it became evident that the S.SHR(11) strain exhibited a marked reduction in GFR. Therefore, it is likely that progression of proteinuria in the S.SHR(11) was attenuated by the substantial decrease in GFR, especially after exposure to a high-salt diet. Clinically, in a variety of kidney diseases the magnitude of proteinuria is usually strongly associated with an increase in the risk of progression of renal failure (32) . Several studies have demonstrated that clinical outcomes are worse in patients with early heavy proteinuria compared with those with moderately reduced GFR and no proteinuria (12) . The results of the current study are consistent with this clinical finding, where an early increase in proteinuria was associated with reduced renal function in the S.SHR(11) later in life.
Histologically, the S.SHR(11) demonstrated substantially more interstitial fibrosis and vascular hypertrophy, with little difference in glomerular pathology. This suggests that the significant decline in renal function exhibited by the S.SHR (11) , and underlying genetic cause is likely not associated with glomerular injury. The evaluation of cortical and medullary fibrosis by assessment of whole kidney sections demonstrated that medullary fibrosis was more severe than that observed in cortex. This indicates that the causative genetic event that promotes renal injury and reduced renal function may originate in the renal medulla. The role of medullary injury in the initiation and progression of kidney injury has been examined in several models (14, 19, 22) . These studies suggest that reduced blood flow (ischemia), angiotensin II, and/or oxidative stress (among others) may play an important role in kidney injury and ultimately lead to renal failure. The vascular difference, which appears to be kidney specific, may also be important to the decline in kidney function in the model. It has been suggested that the damage to the renal microvasculature, along with deterioration of the angiogenic response, may constitute an early stage in progressive renal injury (15) . While the precise molecular mechanism is not clear, the severity of damage in the medulla and the renal vasculature in the S.SHR(11) may play an important causative role in declining renal function.
Renal IR injury is a frequent cause of acute kidney injury (AKI) and contributes to significant increases in morbidity and mortality in hospitalized patients (35) . Previous studies have shown that pre-existing kidney disease is an important predictor of AKI (13, 18) . Reduced medullary blood flow and increased renal vascular resistance are critical factors in the pathogenesis of AKI due to IR injury (23), both of which are exhibited in the S.SHR(11) compared with the S. The IR injury significantly impacted renal function (based on SCr) and the development of more severe tubular necrosis in the S.SHR (11) . These findings suggest that reduced medullary blood flow may be a key pathophysiological determinant of the increased risk of AKI in patients with CKD.
Despite the clear increase in kidney injury and reduced kidney function in the S.SHR (11) , there was only a trend for increased mortality in the S.SHR(11). This is not particularly surprising since the S rat already exhibits significant hypertension, which leads to other cardiovascular complications and death from heart failure and stroke in addition to renal failure. BP measured on animals at median survival was observed to be significantly elevated in the S.SHR(11), whereas BP was similar to the S at week 12 irrespective of salt-loading. This suggests that increased BP is not the driving factor that promotes increased kidney injury and more rapid decline in kidney function observed in the S.SHR (11) . However, hypertension developed as a consequence of the progressive injury and significant decline in kidney function (ϳ50% reduced renal function) exhibited by the S.SHR (11) .
The precise mechanism of injury in this model remains to be determined, but the data do suggest that the mode of injury could be related to the predisposition of the S.SHR(11) to develop medullary and/or vascular injury in the presence of similar BP. The S.SHR(11) strain may have some defect in myogenic response that promotes pressure-related injury even in the presence of similar systemic BP. This could also explain the increased susceptibility to IR injury. The elucidation of the mechanism will require further studies and will be strengthened by identification of the underlying genetic cause. The genomic substitution from the SHR rat encompasses a large part of the entire chromosome, and there are a large number of genes or genetic variants that could explain the increased susceptibility of the S.SHR (11) . The 95% confidence interval of the QTL spans ϳ15 Mb and contains Ͼ100 genes. Thus, the identification of the actual disease causing variants will require additional substitution analysis (i.e., congenic substrains), gene expression studies, genome sequencing, and functional analysis of gene variants.
In conclusion, the S.SHR(11) congenic strain exhibits accelerated kidney disease compared with the already susceptible S rat and is characterized by increased tubulointerstitial fibrosis, vascular hypertrophy, and a more rapid decline in kidney function. The detailed physiological analysis of the S.SHR (11) congenic has provided a potential mechanism associated with the QTL as well as a strong basis from which to pursue additional studies to identify the actual genetic variants that underlie the QTL. Aside from utility of the congenic strain for genetic studies, it could also provide a novel system to study progression of renal failure because it rapidly develops severe kidney injury (in the context of hypertension).
